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SELF-LIMITING PULSE WIDTH MODULATION REGULATOR 



FIELD OF THE INVENTION 

The present invention relates to pulse width modulation regulators, and more 
particularly to the minimizing of undershoot and overshoot conditions in pulse width 
modulation regulators. 

BACKGROUND OF THE INVENTION 

Figure 1 illustrates a conventional pulse width modulation (PWM) regulator. The 
regulator (10) comprises a variable delay generator (40), an inverter (42), and an AND gate 
(44). The variable delay generator (40) received a dischg signal (138) and an up_down_ctrl 
signal (132), as input, and outputs a comp_out signal (136). The AND gate (44) receives a 
clock signal (11) and an inverted comp_out signal as inputs. 

Assuming a 50-50 duty clock cycle, the comp_out signal (136) is low at the 
beginning of the cycle. When the clock signal (11) goes high, the output (12) goes high. 
Once the comp out signal (136) goes high, the AND gate (44) brings the output (12) low. 
Thus, the width of the high pulse is controlled by the delay between the clock signal (11) 
going high and the compjout signal (136) going high. 

Figure 2 illustrates a conventional variable delay generator of the PWM regulator 
(10). The generator (40) comprises a charge pump (50) and a voltage comparator circuit 
(55). A "charge pump", as used in this specification, refers to a circuit comprising a 
relatively large capacitor whose voltage is moved up or down by injection of a relatively 
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small positive or negative current. The charge pump (50) comprises transistors, M1-M7 
(104-1 16), and a filter capacitor CI (120). Transistors M1-M5 (104-1 12) are matched 
transistors that form a group of current mirrors. A small current (represented by the current 
source 102) is produced in M2 (106) and M5 (112). These currents are gated by M6 (1 14) 
and M7 (116). When the upjownjztrl signal (132), is high, M6 (1 14) is "off" and M7 
(1 16) is "on". This pulls a small current from CI (120), thus the voltage at node pgate drops 
slowly. Conversely, when the up_downjctrl signal (132) is low, M6 (1 14) is "on" and M7 
(1 16) is "off, and the current flows from VDD into CI (120). The voltage on node pgate 
(130) thus rises slowly. Therefore, the up_down_ctrl signal (132) is translated into a small 
change in the charge pump's node output. 

The voltage comparator circuit (55) comprises a transistor M8 (1 18), a capacitor C2 
(122), a reset circuit represented by transistor M9 (124), and a comparator represented by 
voltage sources (126 and 128). The voltage comparator circuit (55) uses the voltage on node 
pgate (130) to produce a current related to that voltage and translates it into a delay time. 
The gate of M8 (1 1 8) is connected to node pgate (1 30) such that an increase in the voltage 
on node pgate (130) causes a reduction in the current that flows into C2 (122). A decrease 
in the voltage on node pgate (130) increases the current that flows into C2 (122). The 
current in C2 (122) thus rises at a rate proportional to the current in M8 (1 1 8). The 
comparator detects when the voltage at node ramp (134) reaches a predefined level and 
generates the comp_out signal (136). The dischg signal (138) resets the voltage at node 
ramp (134). Once the dischg signal (138) goes low, the voltage at node ramp (134) will 
begin to rise again. In this way, a pulse may be produced at the output (12) whose width is 

2829P -2- 



dependent on the voltage on node pgate (130). If the voltage on node pgate (130) is close to 
VDD, such that there is very little current in M8 (118), the node ramp (134) will not rise at 
all. As M8 (118) conducts more current, the rise time on node ramp (134) is reduced, and 
the comp_out signal (136) goes high with little delay. The output (12) goes low once more 
5 when the dischg signal (138) is asserted. In this manner, the voltage at node pgate (130) 

controls the width of the output pulse. 

However, the regulator (10) is prone to the "saturation condition", where the voltage 
at the node pgate (130) undershoots or overshoots the target voltage. In the regulator (10), 
the dischg signal (138) is a clock signal with a 50% duty cycle. When the dischg signal 

10 (138) is high, the node ramp (134) is held low and the regulator output (12) is also low. 

During the other half of the cycle, when the dischg signal (138) is low, the voltage on node 
ramp (134) may rise. If it rises too slowly, such that the voltage on node ramp (134) does 
not reach the comparator trip point before the dischg signal goes high, there will be no pulse 
on the output. This will happen if the voltage on node pgate (130) is greater than 

1 5 approximately VDD-Vt, where Vt is the threshold voltage of M8 (118). However, if the 

up_down_ctrl signal (132) remains low, the charge pump (50) will continue to pull up the 
voltage on node pgate (130) until it reaches VDD. This is an overshoot condition. When the 
up_down_ctrl signal (132) goes high again, the voltage on node pgate (130) will take a 
relatively long time to reach VDD-Vt, when it will begin affecting pulse width. The time 

20 during which node pgate (130) is dropping to the voltage at which it affects operation 

represents a period when the regulator (10) does not respond to the input signal. 

Similarly, the voltage at node pgate (130) can fall too far. In this case, the 
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comparator output will go high immediately and the output pulse (12) will be essentially 
unmodulated. However, the voltage on node pgate (130) can continue to fall, creating an 
undershoot condition. Both overshoot and undershoot conditions compromise the 
performance and reliability of the regulator (10). 

Accordingly, there exists a need for a PWM regulator which minimizes undershoot 
and overshoot conditions. The present invention addresses such a need. 

SUMMARY OF THE INVENTION 

A self-adjusting PWM regulator which minimizes undershoot and overshoot 
conditions is disclosed. The regulator includes a charge pump, a voltage comparator circuit, 
and a latch circuit. The input of the voltage comparator circuit includes an output of the 
charge pump. The input of the latch circuit includes an output from the voltage comparator 
circuit. The latch circuit includes a pair of SR latches coupled to a pair of AND/OR gates. 
The latch circuit transmits a first signal to the charge pump to prevent an overshoot 
condition if the output from the voltage comparator circuit is in a first state, and transmits a 
second signal to prevent an undershoot condition if the output from the voltage comparator 
circuit is in a second state. This keeps the charge pump adjusted within the limits of its 
control. Also, the latch circuit keeps the regulator automatically adjusted to changes in 
voltage, temperature, frequency or processing of the regulator. 



BRIEF DESCRIPTION OF THE FIGURES 

Figure 1 illustrates a conventional pulse width modulation (PWM) regulator. 
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Figure 2 illustrates a variable delay generator of the conventional PWM regulator. 
Figure 3 illustrates an embodiment of the PWM regulator in accordance with the 
present invention. 

Figure 4 illustrates an embodiment of the variable delay generator of the PWM 
regulator in accordance with the present invention 

Figure 5 illustrates an alternative embodiment of the variable delay generator of the PWM 
regulator in accordance with the present invention. 

Figure 6 illustrates a timing diagram for the PWM regulator in accordance with the 
present invention. 

Figure 7 illustrates an alternative embodiment of the PWM regulator in accordance 
with the present invention. 

DETAILED DESCRIPTION 

The present invention provides a Pulse Width Modulation (PWM) regulator which 
minimizes undershoot and overshoot conditions. The following description is presented to 
enable one of ordinary skill in the art to make and use the invention and is provided in the 
context of a patent application and its requirements. Various modifications to the preferred 
embodiment will be readily apparent to those skilled in the art and the generic principles 
herein may be applied to other embodiments. Thus, the present invention is not intended to 
be limited to the embodiment shown but is to be accorded the widest scope consistent with 
the principles and features described herein. 

To more particularly describe the features of the present invention, please refer to 
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Figures 3 through 8 in conjunction with the discussion below. 

Figure 3 illustrates an embodiment of the PWM regulator in accordance with the 
present invention. The regulator (20) comprises a variable delay generator (60), an inverter 
(62), an AND gate (64), and a NAND gate (66). The variable delay generator (60) receives 
as input a dischg signal (244), an up_down_ctrl signal (252), a cleave signal (254), and an x2 
signal (256), and outputs a comp_out signal (258). The AND gate (64) receives the inverted 
comp out signal and a clock signal (21) as inputs. The comp_out signal (258) and the clock 
signal (21) are inputting to the NAND gate (66) to provide the x2 signal (254). The dischg 
signal (244) and the upjdownjctrl signal (252) have the same functions as with the 
conventional regulator (10) (Fig. 1). The x2 (254) and clear c (256) signals are described 
later below. 

Figure 4 illustrates an embodiment of the variable delay generator for the PWM 
regulator in accordance with the present invention. The generator (60) comprises a charge 
pump (70), a voltage comparator circuit (72), and a latch circuit (74). The charge pump (70) 
comprises transistors, M1-M7 (204-216) and a filter capacitor CI (220). Transistors M1-M5 
(204-212) are matched transistors that form a group of current mirrors. A small current 
(represented by the current source 202) is produced in M2 (206) and M5 (212). These 
currents are gated by M6 (214) and M7 (216). 

The voltage comparator circuit (72) comprises a transistor M8 (218), a capacitor C2 
(224), a clock circuit represented by transistor M9 (222), and a comparator represented by 
voltage sources (226, 228). The voltage comparator circuit (72) uses the voltage on node 
pgate (230) to produce a current related to that voltage and translates it into a delay time. 
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The gate of M8 (218) is connected to node pgate (230) such that an increase in the voltage 
on node pgate (230) causes a reduction in the current that flows into C2 (224). A decrease 
in the voltage on node pgate (230) increases the current that flows into C2 (224). The 
current in C2 (224) thus rises at a rate proportional to the current in M8 (2 1 8). The 
comparator detects when the voltage at node ramp (240) reaches a predefined level and 
generates a comp_out signal (242). The dischg signal (244) resets the voltage at node ramp 
(240), and, once the dischg signal (244) goes low, the voltage at node ramp (240) will begin 
to rise again. 

Unlike the generator (40), the generator (60) in accordance with the present invention 
comprises a latch circuit (74) coupled to the charge pump (70) as shown in Figure 4. The 
latch circuit (74) comprises a pair of latches (232, 234), an AND gate (236), and an OR gate 
(238). In this embodiment, the latches (232, 234) are SR latches. The up_down_ctrl signal 
(246), is gated through the AND and OR gates (236, 238). The control signals for these 
gates (236, 238), up j>umpc (248) and dn _pump (250), come from the SR latches (232, 234). 
On each clock cycle, both latches (232, 234) are reset to the "blocking state" by the clearc 
signal (256), where the AND and OR gates (236, 238) block the up _pumpc (248) and 
dn _pump (250) signals. The OR gate (238) is capable of transmitting the up jpumpc signal 
(248). The AND gate (236) is capable of transmitting the dn _pump signal (250). In this 
embodiment, the transmission of the up jpumpc signal (248) is handled internally by the 
generator (60). 

When the clearc signal (256) goes off, the up_down_ctrl signal (252) will not be 
transmitted to either the AND gate (236) nor the OR gate (238). The up _pumpc signal (248) 
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is only transmitted if the comp_out signal (242) goes high during a clock cycle. Thus, the 
charge pump (70) will be held just below the threshold at which the pulse will reappear. The 
dn _pump signal (250) is enabled only if the pulse width is less than the maximum. The 
dn jpump signal (250) is controlled by the x2 signal (254). The x2 signal (254) going low 
during the clock cycle will allow the dn _pump signal (250) to pass. The x2 signal (254) goes 
low if the comp_out signal (258) comes high while the dischg signal (244) is still high. 
Thus, the dn _pump signal (250) is only transmitted if the compjout signal (242) goes low 
during a clock cycle. If the clock pulse is already full width, then no more of the dn j)ump 
signal (250) is allowed to pass, and the charge pump (70) will not pump down any further. 

Figure 6 illustrates a timing diagram for the PWM regulator in accordance with the 
present invention. The relative delays between the clock signal (21), the dischg signal (244), 
and the clearc signal (256) are exaggerated for the purpose of illustration. Importantly, there 
is a delay between the dischg signal (244) going low and the clock signal (21) going high. 
This is because the variable delay generator (60), even when running at maximum speed, 
requires a finite time to go high. In order for the dischg signal (244) to go from the last 1% 
of the signal to 0%, it is necessary to delay the rising edge of the clock signal (21) by a small 
amount since the up _pumpc signal (248) can be enabled with a very small pulse. Without 
this delay, the regulator (20) would still go to a saturated condition. 

Thus, the latch circuit (74) keeps the charge pump (70) adjusted within the limits of 
its control. Once the regulator (20) nears either the overshoot or undershoot conditions, 
further signals to the charge pump (70) are blocked and C2 (224) stays at its limit. In 
addition, if the voltage, temperature, frequency or processing of the regulator (20) causes the 



2829P 



-8- 



limits to change, the latching circuit (74) adapts. In this manner, overshoot and undershoot 
conditions are minimized in the automatically adjusting PWM regulator (20) in accordance 
with the present invention. 

Figure 5 illustrates an alternative embodiment of the variable delay generator of the 
PWM regulator in accordance with the present invention. This generator (68) comprises a 
charge pump (80), a voltage comparator circuit (84), and a latch circuit (88). The charge 
pump (80) of generator (68) functions similarly to the charge pump (70) of generator (60). 

The latch circuit (88) of generator (68) is similar to the latch circuit (74) of generator 
(60) in that it comprises the SR latches (232, 234), the AND gate (236), and the OR gate 
(238). However, unlike the latch circuit (74), the latch circuit (88) also includes a pair of D 
flip-flops (302, 304) to enable signals connected to the AND and OR gates (236, 238). The 
D flip-flops (302, 304) correct a timing issue with the SR latches (232, 234), where resetting 
of the SR latches (232, 234) without the D flip-flops (302, 304) may cause a glitch in the 
control signals, up _pumpc (248) and dn _pump (250). 

The voltage comparator circuit (84) of generator (68) is similar to the voltage 
comparator circuit (72) of generator (60) in that it comprises the clock circuit represented by 
transistor M9 (222), a transistor M8 (218), and a capacitor C2 (224). However, unlike the 
voltage comparator circuit (72) of generator (60), the voltage comparator circuit (84) of 
generator (68) comprises an inverter instead of the comparator (226, 228). Because the 
generator (68) is self-adjusting, it is not necessary to include a complex comparator and 
voltage reference circuit. The inverter is adequate to provide the comparison function. The 
charge pump (80) will adjust to compensate for changes in the inverter trip point due to 
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voltage, temperature or process. Hysteresis is added to the inverter via transistors Ml 1 and 
M 12 A to prevent oscillations on the detection. 

Also, unlike the voltage comparator circuit (72) of generator (60), the voltage 
comparator circuit (84) of generator (68) comprises a pulse generator (86) coupled to the 
dischg signal (244) to reset the SR latches (232, 234) once per cycle. This obviates the need 
for providing a separate, synchronized pulse. 

Figure 7 illustrates an alternative embodiment of the PWM regulator in accordance 
with the present invention. This PWM regulator 30 is the same as the PWM regulator 20 
(Figure 2), except the chare signal (256) is internally generated, so a separate input signal is 
no longer required. 

Although the embodiments of the PWM regulator in accordance with the present 
invention are described above produces 50% modulation control, one of ordinary skill in the 
art will understand that other amounts of modulation control can also be produced without 
departing from the spirit and scope of the present invention. 

For example, Figure 8 illustrates an embodiment of the PWM regulator in 
accordance with the present invention that produces 0-100% modulation control. The PWM 
regulator (800) comprises two controllers, PWM1 (802) and PWM2 (804). Both PWM1 
(802) and PWM2 (804) are connected to the same clock signal, but the input to PWM2 (804) 
is inverted. PWM1 (802) controls the pulse width of the positive half of the clock signal, 
and PWM2 (804) controls the negative half. The output of PWM2 (804) is inverted. The 
output of the two controllers (802 and 804) traverse an OR gate (806) to produce a signal 
that can be high at all times, i.e., 100% modulation control. 
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In this embodiment, the up_down_ctrl signal (132) must be separately controlled in 
each controller (802 and 804). When the up_down_ctrl signal (132) is high, the pulse width 
is decreased. When it is low, the pulse width is increased. For a 100% modulation scheme, 
it is important that PWM1 (802) increases its pulse width folly, i.e., to 50%, before PWM2 
(804) starts passing its half pulse. Similarly, PWM2 (804) must decrease its pulse width 
fully, i.e., to 0%, before PWM1 (802) is allowed to start decreasing its pulse. The cross 
connection illustrated accomplishes this. The up_enablec signal and the downjenable 
signals (also illustrated in Figure 5) are transmitted as illustrated. If the up_enablec signal 
from PWM1 (802) is low, indicating that the pulse width from PWM1 (802) is not yet up to 
100%, the up_down_ctrl signal (132) to PWM2 (804) is held high, forcing PWM2 (804) to 
stay at 0%. If the down_enable signal from PWM2 (804) is high, indicating the pulse width 
from PWM2 (804) is not yet down to 0%, the up_down_ctrl signal (132) to PWM1 (802) is 
held low, and PWM1 (802) is held at its maximum (50%) modulation. Thus, a user would 
present an up_down_ctrl signal (132) from outside the regulator 800 and would see a pulse 
width at the output that varies between 0% and 100%. 

A self-adjusting PWM regulator which minimizes undershoot and overshoot 
conditions has been disclosed. The regulator in accordance with the present invention 
includes a latch circuit comprising a pair of SR latches coupled to a pair of AND/OR gates, 
which keep a charge pump adjusted within the limits of its control. In this manner, overshoot 
and undershoot conditions are minimized. In addition, the latch circuit self-adjusts to 
changes in voltage, temperature, frequency or processing of the regulator. Complex digital 
signal processing operations or exotic analog design techniques are not required. 
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Although the present invention has been described in accordance with the 
embodiments shown, one of ordinary skill in the art will readily recognize that there could 
be variations to the embodiments and those variations would be within the spirit and scope 
of the present invention. Accordingly, many modifications may be made by one of ordinary 
5 skill in the art without departing from the spirit and scope of the appended claims. 
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